Automated systems for the evaluation of autoradiograms were compared with the traditional method of manual counting. The automated systems included televison image analysis systems, reflectance/densitometric systems, and semiautomatic digitizing pad systems. Highly automated analysis systems were considered applicable for quantitation of autoradiograms when the subcellular location of the radioactivity is not an important consideration, when background is low, and when operator interaction with the system can be kept at a minimum. In many cases the relationship between silver grains and cell compartments is important for interpretation of the results. Under these conditions, the most rapid, reproducible and reliable method would combine measurement of cellular dimensions with a digitizing pad and manual counting of silver Autoradiography has provided important information about the nature, location, and sensitivity of specific cell types that constitute "target organs" for a variety of drugs and hormones. Biochemical assay procedures based on homogenization of target tissues have generally been considered more useful for studies in which quantitation of receptors is necessary. Although receptor assays provide valuable information, the precision of these techniques is limited in the case of tissues containing functionally diverse cell types. A quantitative autoradiographic technique would provide important additional information concerning the responses of different types of cells to drug or hormone treatment.
Automated systems for the evaluation of autoradiograms were compared with the traditional method of manual counting. The automated systems included televison image analysis systems, reflectance/densitometric systems, and semiautomatic digitizing pad systems. Highly automated analysis systems were considered applicable for quantitation of autoradiograms when the subcellular location of the radioactivity is not an important consideration, when background is low, and when operator interaction with the system can be kept at a minimum. In many cases the relationship between silver grains and cell compartments is important for interpretation of the results. Under these conditions, the most rapid, reproducible and reliable method would combine measurement of cellular dimensions with a digitizing pad and manual counting of silver Autoradiography has provided important information about the nature, location, and sensitivity of specific cell types that constitute "target organs" for a variety of drugs and hormones. Biochemical assay procedures based on homogenization of target tissues have generally been considered more useful for studies in which quantitation of receptors is necessary. Although receptor assays provide valuable information, the precision of these techniques is limited in the case of tissues containing functionally diverse cell types. A quantitative autoradiographic technique would provide important additional information concerning the responses of different types of cells to drug or hormone treatment.
The validation of a quantitative autoradiographic technique involves selection of a system for counting silver grains and making comparisons between groups. The automation of silver grain counting has been attempted both with single-and double-labeled autoradiograms (1) (2) (3) (4) (5) (6) (7) (8) . Two of these reports (7, 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980, as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980.
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grains by the observer. Such a system should be connected to a computer for formatting and statistical evaluation of the data. Initial testing of a quantitative autoradiographic technique indicated that the autoradiographic slide is a reliable estimator of the radioactivity present in the tissue of experimental animals injected with tritium labeled compounds. Accuracy in counting was lost when silver grains became coincident. Thus, a system for the quantitation of silver grains in relation to cellular morphology requires careful selection of exposure time, computer assisted measurement of cellular dimensions, operator evaluation of silver grains and computerized statistical analysis of the data. KEY WORDS: Automation; Quantitation; Computer; Thawmount autoradiography; Uterus; Estradiol. 8) have described systems that combine light and dark field microscopy to relate silver grains to cellular components. Many other articles were not concerned with the anatomical source of the radioactivity, since under certain conditions, such as chromosome spreads, the source is known (5) . Several commercially available systems for the automated quantitation of silver grains were evaluated. In thaw-mount autoradiographic investigations (9), tritium-labeled diffusible substances are injected into experimental animals for the purpose of identifying target sites. Thus identification of the anatomical location of the radioactivity is as important as accurate counting of the silver grains.
The purpose of this investigation was to evaluate existing systems for quantitation of silver grains and to define more precisely the internal reliability of the thaw-mount autoradiographic technique.
Materials and Methods
Ovariectomized and adrenalectomized immature female Holtzman rats were injected intravenously with 0.5 /xg/100 g body weight of 2, 4, 6, 7, 16, 17-(3H)-estradiol 17. Samples of the uterus were taken at 3, 6, 15, and 30 min. Tissues were frozen onto microtome chucks in liquefied propane and thaw-mounted on Kodak NTB-3 emulsioncoated slides (9) . After exposure times of 1, 2, 4, 7, 14, 20, 25, or 50 days slides were developed and evaluated using a variety of auto-mated, semiautomated, or nonautomated devices. Four categories of systems were evaluated:
1. Pixel Scan Image Analysis Systems, which utilize a television screen and light pen to distinguish between significant and nonsignificant structures. The Quantimet (Cambridge IM-ANCO, Monsey, NY) and a local system at the University of North Carolina (Tissue Reconstruction System) were tested. 2. Reflectance/Densitometric Systems, which utilize reflected or transmitted light to determine areas of increased density and a variable size diaphragm to limit the region observed. In this category, the Leitz MPV II was tested. 3. Semiautomatic Digitizing Pads, which require the operator to manually define boundaries by drawing their outlines on the pad and to count silver grains by touching the pad once for each silver grain. The Zeiss MOP and the Leitz ASM were used. 4. Nonautomated Systems, which require the observer to count the silver grains and enter them manually onto a record sheet or computer for later analysis. A TRS-80 microcomputer (Radio Shack, Fort Worth, TX) was used to store the data prior to transmission to an IBM 360/370 computer (Triangle Universities Computation Center, Raleigh, NC) for data analysis. The General Linear Models program provided by the Statistical Analysis System was utilized to analyze the data.
Quantitation of autoradiographic data. The reliability of the emulsion-coated slide as an estimator of radioactivity present in tissues and the importance of time as a factor in the quantitation of autoradiograms were evaluated. Five emulsion-coated slides were used to pick up frozen sections from three different blocks of uterine tissue. After exposure for 20 days, silver grains were counted over nuclei of maximal diameter in the lumenal epithelium and stroma. The mean and standard error of the mean (SEM) of the individual estimates were obtained by computer analysis to determine sampling reliability. Silver grain counts taken after four different exposure times were compared to determine the effect of exposure time on silver grain yield and quantitation accuracy.
Results

Evaluation of Automated Devices
Pixel scan image analysis systems. These systems consist of a microscope, photomultiplier tube, TV imaging system, and microcomputer. The analysis of silver grains is based upon operator selection of an appropriate gray range that will best differentiate the density of the silver grains from dense cell components and artifacts. The TV image is then digitized in an array of approximately 256 X 256 picture elements (pixels). This array is transmitted to the computer, which counts the number of pixels that correspond to the preselected threshold density level. Thus, information is gained regarding the number of silver grains. The operator can outline nuclear membrane boundaries on the screen with a "light pen" to restrict the silver grain counting to these areas. The light pen can also be used to separate silver grains that are coincident.
These systems were difficult to use for quantitative autoradiography for four reasons:
1. Consistent gray level settings were difficult to achieve, since background, staining, and density of slides was variable. Even slight changes in the gray level increased the estimate of silver grains by as much as 10-20%. Changes in focus also caused significant fluctuations in silver grain counts. 2. Silver grains that were in close proximity to one another were often mistaken for a single grain. Likewise, single large grains were often counted several times. This required considerable operator interaction to correct. 3. Fluctuations in the electrical and electronic systems were a source of potential variability. Changing a burned out photomultiplier tube required considerable recalibration of the system. 4. The systems are very expensive and delicate, requiring a full-time staff position for proper maintenance.
Reflectance/densitometric systems. These systems do not require television or computer hardware, although a small dedicated microprocessor is included to handle the densitometric data that is generated. The operator selects a region of tissue or even an area as small as a cell nucleus by means of a variable-size diaphragm that is built into the optical system. Optical filters are used to maximize the contrast between silver grains and tissue prior to measurement.
The system that was evaluated, the Leitz MPV II, was not able to differentiate between the background and the relatively low numbers of silver grains with which clumping of silver grains is excluded and linear recording ensured. Further, densitometric recording, as generally applied, does not provide a mechanism for correcting errors due to silver grain clumping and, therefore, does not permit linear recording when coincidence of grains is a factor. Semiautomated digitizing pads. These instruments consist of a flat tablet with X, Y coordinates defined by wires that are connected to a microprocessor. The image to be analyzed may be projected onto the tablet by a microscope drawing tube or by a slide projector. Alternatively, a photographic print can be placed on the tablet for analysis. Silver grain counts are achieved by touching the pad once for each silver grain. Area measurements are achieved by tracing the outline of the structures to be measured. The microprocessor then computes the area within the circumference.
This system had the value of being able to store total area information. This permitted the counting of silver grains over nuclei of any size. In order to keep a record of the relationship between the number of silver grains and the area within which they occurred, a larger computer was required. Although manual recording of the circumference of nuclei was tedious, similar interaction was required by the two more fully automated systems as well.
Nonautomated systems. The traditional means of assessing silver grain numbers is to count them manually, either using an eyepiece grid/micrometer to view the grains and measure nuclear diameters directly on the slide, or by photographing the image and counting the grains later from a print. Projection tubes are also available that permit the image of the slide to be projected onto a flat surface using the illumination system of the microscope. The nonautomated approach re-quires the person doing the counting to enter the data on a coding form or directly into a microcomputer. A TRS-80 microcomputer was used to store and send coded data by a telecommunications link to an IBM 360/370 computer for data analysis.
The advantage of this approach was that the observer, rather than a computer decided how many silver grains were present. No interaction with a video screen or setting of intensity levels was required, and decisions concerning background, focus, and coincidence could be easily made.
The nonautomated approach was time-consuming and boring, while requiring high-level concentration. Another more serious disadvantage was that no reliable way of performing area measurements on nuclei existed. Area measurements could be determined by assuming a spherical nucleus and calculating area from the cross-sectional diameter, but this is not always a valid assumption and restricts the applicability of the technique. Because of the limited applicability of this method of measuring area, the nonautomated system was not considered useful for quantitative applications that require extensive silver grain and area analyses.
Quantitation of Silver Grains
Five slides were used to test the reproducibility of silver grain estimates. The standard error of the mean silver grain counts (SEM) was divided by mean grain counts to yield a percentage. In all cases the SEM was less than 10% of the mean (Table 1) .
Four exposure times were compared for three uterus samples to determine the effect of exposure time on quantitation ( Figure 1 ). In all three cases, measurements of the number of silver grains over nuclei from stromal cells after exposure times longer than 21 days was affected by coincidence of silver grains. This resulted in underestimation of the uclear silver grains were counted on 4-5 sections taken from each tissue. Each section was placed on a different slide. The variation between slides in the estimates of mean silver grains is expressed in terms of the ratio of the standard error of the mean (SEM) to the mean. actual number of grains by the observer. At the fourth time period, distinct silver grains could no longer be counted. Lumenal epithelial cells took up less radioactivity than the stromal cells; silver grains associated with the nuclei of these cells could be accurately counted at all four exposure times.
Discussion
Quantitative autoradiography has been most successful under circumstances in which the radiation source is known to be specifically bound to a given structural element, such as DNA, and in which background radiation can be kept low. Under these circumstances the pixel and densitometric systems have been successfully used for quantitation (2, 5, 8) . For autoradiography requiring cellular and subcellular resolution, the amount of operator interaction required to define nuclear area and silver grains reduces the advantage of having an automated counting device.
The digitizing pad provides for the automated measurement of area and can transmit area measurements to a 15 Figure 1. Effect of silver grain coincidence on the ability of an observer to accurately count grains. In all cases, when silver grain numbers exceeded approximately 15 grains per nucleus, w 10 the result was an underestimation of the actual number. Silver grain counts for the lumenal epithelial cells show that the increase in silver grains is linear with time. Redrawn from com-5 puter output. computer for further statistical analysis. The measurement of silver grains may be accomplished by touching the pad with a stylus once for each silver grain. When large numbers of grains must be counted, it is possible to use a ballpoint pen as the stylus. A mark can be made on the paper covering the digitizing pad each time a grain is counted, thus preventing recounting of silver grains.
Once autoradiographic counts have been entered into the computer, differences between groups and between cell types within tissues can be evaluated by conventional statistical tests such as analysis of variance. The computer is also able to display the data graphically (Figure 1) . These statistical and graphic representations of differences between groups facilitate evaluation and comparison of the data to other findings.
Thus, when the subcellular localization of silver grains is a important factor in the quantitation of autoradiograms, the most reliable and precise system for performing this analysis is a digitizing pad attached to a microcomputer. This system is simple to use, requires little maintenance, permits the operator to judge silver grain numbers and relieves the operator of making judgments regarding cellular dimensions.
The thaw-mount autoradiographic technique provides a reliable and reproducible method of sampling the radioactivity that is present in tissue. As few as four samples of the same tissue gave an estimate for which the SEM was less than 10% of the mean. This is a generally accepted criterion for the validity of repeated measurements that is also used to confirm the accuracy of estimates obtained by the Weibel pointcounting technique (10) . Thus, variability between slides is not a significant source of error for quantitative autoradiography.
There is a linear increase in silver grains over time ( Figure  1 ). Linearity is lost, however, when clumping of silver grains occurs. Thus, for quantitative evaluation, autoradiograms showing clumping of silver grains must be excluded. It is therefore important to select appropriate exposure times.
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